The evaluation of cranial malformations plays an essential role both in the early diagnosis and in the decision to perform surgical treatment for craniosynostosis. In clinical practice, both cranial shape and suture fusion are evaluated using CT images, which involve the use of harmful radiation on children. Three-dimensional (3D) photography offers noninvasive, radiation-free, and anesthetic-free evaluation of craniofacial morphology. The aim of this study is to develop an automated framework to objectively quantify cranial malformations in patients with craniosynostosis from 3D photography. We propose a new method that automatically extracts the cranial shape by identifying a set of landmarks from a 3D photograph. Specifically, it registers the 3D photograph of a patient to a reference template in which the position of the landmarks is known. Then, the method finds the closest cranial shape to that of the patient from a normative statistical shape multi-atlas built from 3D photographs of healthy cases, and uses it to quantify objectively cranial malformations. We calculated the cranial malformations on 17 craniosynostosis patients and we compared them with the malformations of the normative population used to build the multi-atlas. The average malformations of the craniosynostosis cases were 2.68 0.75 mm, which is significantly higher (p<0.001) than the average malformations of 1.70 0.41 mm obtained from the normative cases. Our approach can support the quantitative assessment of surgical procedures for cranial vault reconstruction without exposing pediatric patients to harmful radiation.
INTRODUCTION
Cranial shape abnormalities are a common complaint in the pediatric clinic, since 25% of infants of single pregnancies and 50% of multiple pregnancies have some degree of skull malformation at birth that causes head shape abnormalities in the first weeks or months of lives [1] . While babies with positional malformations (i.e. positional plagiocephaly) do not generally need to be exposed to the harmful ionizing radiation of computed tomography (CT), this image modality is generally used to confirm the diagnosis of children with craniosynostosis and to plan the treatment [2] [3] . Although diagnosis of craniosynostosis relies on the presence of a fused cranial suture, the evaluation of cranial malformations plays an important role in the decision to perform surgical treatment [4] . In particular, in the case of metopic craniosynostosis, the metopic suture fuses early in healthy children too, so diagnosis cannot be made only based on the fusion of the metopic suture [5] [6] . During surgery, the cranial bones are cut, reshaped, and repositioned to achieve a normal cranial shape. The lack of objective metrics to quantify cranial malformations leaves an unsettling diagnostic and treatment ambiguity that can result in over-treatment or under-treatment. Thus, it would be desirable to have objective and quantitative descriptors of cranial shape abnormalities to assist surgeons in deciding if surgical treatment is necessary and planning cranial vault reconstructive surgery.
Most methods [7] [8] [9] [10] that quantify cranial shape abnormalities are based on segmentation from CT images. Recently, three-dimensional (3D) photography has become an increasingly attractive modality to various applications, such as cranial shape variation assessment [11] [12] and facial analysis [13] [14] , since it offers radiation-free, noninvasive, and anesthetic-free imaging. Wilbrand et al. [15] demonstrated that 3D photography has great potential to track and quantify the clinical course of surgical correction of craniosynostosis. Freudlsperger et al. [16] used 3D photography to capture pre-and post-operative scans of children with metopic craniosynostosis to compare head volume changes before and after surgery. Tu et al. [17] demonstrated that intracranial volume can be accurately quantified from 3D photography.
However, cranial malformations assessment is not possible either with current 3D photography systems or with existing methods. The purpose of this study is to create a novel computational framework to quantify cranial malformations from 3D photography, and use them to characterize cranial shape abnormalities objectively and quantitatively in patients with craniosynostosis.
MATERIALS AND METHODS
In the following sections, we will describe each component of our framework to automatically quantify head malformations in patients with craniosynostosis from 3D photography, which are shown in Fig. 1 . In previous works, Mendoza et al. [8] presented a method to quantify cranial malformations from CT images using a statistical shape multi-atlas. They employed a landmark free shape descriptor, signed distance functions (SDF), to represent the cranial shapes of a healthy population, and they used principal component analysis (PCA) to create a normative statistical shape multi-atlas based on the SDFs. They showed that cranial shape abnormalities could be accurately quantified by comparing the cranial shape of a patient with its closest normal shape in the multi-atlas. Specifically, they proposed two descriptors: (1) malformations, which are the local Euclidean distances between correspondent points of the two cranial shapes, and (2) curvature discrepancies, defined as the absolute local curvature differences. Inspired by their experiments, we aim to automatically quantify head malformations on patients with craniosynostosis using radiation-free 3D photography. Fig.1 shows the workflow of our method.
Data description
A set of head 3D photographs was acquired using the 3dMD head System (3dMD, Atlanta, GA) from 45 subjects (average age 17 14 months, range 1-48 months), in which 28 subjects had clinical indication noted as cleft palate (average age 24 12 months, range 7-48 months), and 17 had a variety of types of craniosynostosis (8 sagittal, 6 single coronal, 2 bicoronal, and 1 metopic; average age 5 4 months, range 1-16 months).
These subjects were then categorized into two groups. The first group included the 28 subjects with cleft palate, which did not present cranial pathology and were used as normative cases. The second group included the 17 subjects with craniosynostosis, for which 3D photography was acquired before surgical intervention.
Create cranial shape
To extract the cranial shape, we first identified a set of four landmarks (the cranial base landmarks, as shown in Fig. 2 ) defining two cutting planes (cranial base) that divide the cranial vault from the rest of the head, as presented in previous work [8] . In summary, we registered the head shape from the 3D photograph of a healthy subject to its corresponding head CT image. Then, the four landmarks defining the cranial vault in the CT image at the nasion, opisthion and the two clinoid processes of the dorsum sellae were projected onto the 3D photograph, which was subsequently used as a reference template ( ). Fig. 2 The graphic illustration of the four landmarks (nasion, opisthion and the two clinoid processes of the dorsum sellae) that define the cranial base.
Given the 3D photograph of a new subject, similarity registration (rigid with isotropic scaling) was used to transform to match the 3D photograph. After registration, we projected the position of the four landmarks from onto the head of Cranial shape the new patient. This yielded an initial position of the landmarks for the head, which were then refined using affine registration and a B-splines based non-rigid transformations. The landmarks were used to identify two planes that defined the cranial base on the 3D photograph. The cranial vault could then be defined as the section above the base. A morphological opening was applied to the top region (see Fig. 1 , the top part of the head as highlighted in red) of the cranial vault to remove bumps caused by the hat used to contain hair during the acquisition of photography. Then the cranium was warped by a sphere using a technique called ShrinkWrap [18] to fill any holes or artifacts in the photograph.
Build normative statistical shape multi-atlas
Similarly to the method presented in [8] , we adopted SDF representations to describe cranial shapes. The cranial shape meshes aligned to the template through similarity registration are then converted to binary volumes. All these binary images were resampled to have the same size. Then a SDF representation was computed for each image. Using this SDF representation, each subject was turned into a high-dimensional vector (as many components as voxels in the volume). We build a statistical shape model of the SDFs of the normative cases using PCA.
Quantify head malformations
To quantify head malformations, the closest normal shape in the multi-atlas was identified and used for comparison. Given a subject with craniosynostosis, we quantified its shape malformation by projecting its SDF representation into the 28-dimensional normative PCA space, and we compared its projection coefficients with those from multi-atlas references. The similarity of the projection between a subject and its closest normal references was defined as their Euclidean distance.
We quantified malformations in term of signed distance, defined as
where is a point on the subject's head surface, is the correspondent point on the closest normal's head surface, ( ) is the distance malformations used in [8] , and is the angle between the normal vector at and the vector pointing from to a closest point on its closest normal head surface.
We also computed the curvature discrepancies in terms of relative difference between local curvatures at corresponding points and . The local curvature was estimated by fitting a plane minimizing the squared distance and averaging the distance to the plane based on neighborhood points.
RESULTS
We quantified head malformation in the group of 17 cases with craniosynostosis using the proposed framework. We obtained average head malformations on the patients with craniosynotsis of 2.68 0.75 mm, compared to 1.70 0.41 mm obtained for the normative group. Differences between the two groups were statistically significant (p<0.001 using Student's t-test). Our values are similar to those reported in earlier papers [9] [8], but computed from CT images. As an example, Fig. 3 shows the head shape of a normal subject compared to a patient with sagittal craniosynostosis and its computed malformations. Note that the highest malformation values are concentrated on occipital regions (for sagittal craniosynostosis), similarly to the results reported from CT images in [8] . This is explained by the compensatory growth of the cranium in the direction parallel to the fused suture.
The average curvature discrepancy of the craniosynostosis patients was 0.23 0.03, compared with 0.21 0.06 of the normative data (p=0.086). A limitation of the proposed method is that the quantified malformation and curvature discrepancy are averaged over the whole head, while craniosynostosis may affect only certain cranial bones. This limitation could be overcome by analyzing each cranial bone, which is in our plan for near future. 
CONCLUSIONS
We proposed a novel automatic framework to quantify head malformations from 3D photography, and we used it to assess cranial malformation on patients with craniosynostosis. The results show significant differences (p<0.001) between normative cases and craniosynostosis patients, which suggests the ability of our radiation-free framework to quantify cranial malformation from 3D photography. We reported that the head malformations on craniosynostosis patients were significantly higher than on patients with a healthy cranial shape. Our framework has the potential to support the quantitative assessment of surgical procedures for cranial vault reconstruction without exposing pediatric patients to harmful radiation. The proposed method could minimize the use of radiation in the diagnosis and surgical planning of craniosynostosis.
